Multiple regression analysis of published zooplankton filtering and feeding rates yielded separate regression equations for cladocerans, marine calanoid copepods, and all zooplankton. Ingestion rate was found to increase significantly with animal size, food concentration, and temperature. Filtering rate also increased with animal size and temperature, but declined as food concentration increased. The analysis suggests a difference in particle size preference between cladocerans and copepods. Experimental conditions such as crowding and duration also significantly affected filtering and feeding rates. The regression models allow examination of differences and similarities among zooplankton taxa, functional response, particle size selection, energy allocation, and threshold food concentration. The statistical models describe suspension feeding more precisely than either average literature values or verbal descriptions of trend. The results also suggest possible mechanisms of feeding limitation and provide a heuristic framework for the design of experimental analyses of zooplankton feeding in marine and freshwater systems.
Limnologists who need quantitative es timates of zooplankton feeding and filtering rates sometimes find that direct measure ment of these rates is impracticable. This problem has been approached in three ways. Most simply, the available literature (e.g. Conover 1978; Jorgensen 1966; Sushchenya 1958 Sushchenya , 1970 ) is searched for a value mea sured under conditions which approximate those for which prediction is required. Un fortunately, experimental conditions are never identical and dependence on one or a few values necessarily increases the like lihood of bias (Gliwicz 1970 ). Mechanistic models of the feeding process (e.g. Lam and Frost 1976; Lehman 1976; Lynch 1977) of fer an alternative. Such models are general in form and can predict precisely; however, they typically require some measurement of foraging rates or of the morphology of the feeding apparatus. These values must be ex tracted from the literature (and are therefore subject to the same bias as the first ap proach) or must be measured at each ap plication (which may prove too cumber some). In addition, these models cannot represent the actual precision of their pre dictions because they are not expressed probabilistically and because they ignore many factors which may affect food collec tion. A third approach involves statistical analysis of measured rates as a function of one or more independent variables. The in fluences of experimental uncertainty, of unexamined variables, and of misconcep tions incorporated in the feeding models can then be described as a probability region around the prediction. Unfortunately, the values used in such analyses are usually measured by a single experimenter under closely specified conditions. Such standard ization is effective in demonstrating the po tential impact of a single factor in isolation; it is less interesting to ecologists because the variability around the relationships under estimates that found in nature and variables chosen for analysis may have little effect in field populations.
We use here a more ecologically relevant modification of this third approach. An ex tensive literature survey was used to collect estimates of feeding and filtering rates from as broad a range of experimental conditions as possible. These data were analyzed by multiple regression to describe the rates as general functions of several factors. The re-sidual variation around these relationships reflects the variability attributable to factors not included in the analysis. Such general statistical models serve to summarize current knowledge, to indicate the extent of agreement among existing studies, and to demonstrate the relative im portance of various factors. This informa tion can be used to design more effective experiments. The equations can approxi mate feeding and filtering rates when mea surements are not available and provide a standard of comparison when they are. We hope that our models will find application wherever a general, quantitative description of suspension feeding is required. We also feel that it is important to see where the aggregate of filter-feeding studies has led so that the future path can be planned efficient ly.
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Methods
Our survey treats Crustacea and Rotifera which feed on nonanimal, suspended foods. Data were collected from a broadly based survey of mostly western literature pub lished before 1979. No references were in tentionally omitted, but no doubt some have been overlooked. Our reference list indi cates our sources; the data are available at a nominal charge from the Depository of Unpublished Data, CISTI, National Re search Council of Canada, Ottawa, Ontario K1A 0S2. We also have a computer tape available for those wishing to perform fur ther analyses.
From each reference, we sought estimates of filtering rate, feeding rate, animal size and type, food concentration, food particle size, ambient temperature, volume of the exper imental vessel, animal density, and dura tion of experiment. These variables were selected from a wider range of possibilities because previous studies suggest that they are important and because they were re ported with sufficient regularity that we could examine them statistically.
Although we included data from all ref erences, it was impossible to include all data from each reference without biasing our col lection. For example, we have access to tab ulations of relatively undigested data in the theses of F. H. Rigler and his students, but a data set built on this material would overrepresent one school and methodology. In addition, inclusion of all data would have produced an unwieldly set of immense size. To reduce both bias and cost, we used ob servations based on only one food concen tration and three animal sizes for each com bination of the variables: animal species, food species, food size, temperature, exper imental volume, and duration of experi ment. When a range of food concentrations had been investigated, we took our obser vation from the midpoint of the experi mental range or at the incipient limiting concentration if indicated (Burns and Rigler 1967; McMahon and Rigler 1965) . When a range of animal sizes had been studied, ob servations were taken from the extremes and midpoint of the range. This selection pro cess adequately represented the natural range of animal sizes and food concentrations. In cases where a Coulter Counter was used, we selected only measurements made near the midpoint ofthe particle size spectrum. Mean values were preferred to individual obser vations. If data were expressed as ranges, we took the midpoint of the range assuming that departures from distribution symmetry are small compared to variations among an imals. In order to minimize the use of con version factors, we adopted the units most frequently encountered in the literature. Thus, animal size (W) is here expressed in \t% dry mass, food particle volume (i?) in fim3, cell concentration (S) in ppm wet weight (1 ppm = 1 x 106 urn3-ml'1), and feeding rates (I) as fxg wet mass • animal"'• d~l, assuming that the specific gravity of the food is 1 and therefore that 106 tim3 = 1 ixg wet mass. The remaining variables are fil tering rates (V, ml• animal"' *d~')> total vol ume of the experimental vessel (C, ml), crowding of animals measured as volume per animal (Ca, ml), experiment duration (M, min), and temperature (T,°C).
We were especially anxious to include an imal size, food particle volume, and food Durbin and Durbin 1978; Frost 1972; Gcller 1975; Lampert 1977o; Metz 1971; Omori 1969 Omori , 1970 PaffenhSfer and Knowles 1978; Taguchi and Ishi 1972. 2-Baudouin and Ravera 1972; Butler et al. 1969; Conover and Corner 1968; Ganf and Blazka 1974; Jawed 1969; Omori 1969 Omori , 1970 Reeve ct al. 1970; Vijverberg and Frank 1976. 3-Baudouin and Ravera 1972; Botlrell et al. 1976; Harvey 1937; Omori 1969; Reeve et al. 1970; Taguchi and Ishi 1972 .4-ComitaandSchindler 1963 . 5-Frost 1972 MuIlin 1966; PafienhSfer and Knowles 1978; Shuter 1978; Strathmann 1967 . 6-Ganf and Blazka 1974 . I-See Fig. 2. 8-Cummins and Wuychek 1971 . 9-Parsons and LaBrasseur 1970 Nicholls and Dillon 1978. concentration in our analysis because the literature shows that these are major deter minants ofthe feeding process (reviewed by Peters in press) . Often, these data were not published, or the sizes of animals and food organisms were measured only by length or diameter, or only taxonomic designations were given. We therefore tried to collect or convert missing data from the available in formation. General conversion factors were taken from the literature (Table 1) . A gen eral mass-length relation for zooplankton was constructed from all references which gave both (Fig. 1) . We preferred this ap proach to species-or taxon-specific rela tions (Bottrell et al. 1976; Dumont et al. 1975 ) because of its computational ease. In any case, the scatter around conversion regressions was usually small given that even the mass of a single species at a given length may vary by 50% (Lemcke and Lampert 1975) . A similar approach was used to cal culate cell volume from diameter (see also Semina 1972 ) and cell dry weight (Fig. 2) . Frequently, only the species of the food and the species or stage of the zooplankter were provided. In those cases, an average volume (for food cells) or dry weight (for animals) for the species and stage was taken from the literature. Although this process of empir ical conversion and standardization is cum bersome and statistically undesirable, the approach is justified because there seems no alternative if quantitative comparisons and summaries of the current literature are to be attempted. Spurious variability intro duced by these conversions would lead only to underestimation of the predictive power and precision of our statistical models.
Once the data were expressed in standard units, the best statistical models were cho sen and the significance of effects was as sessed by least-squares multiple regression analysis (Draper and Smith 1981) available in a commercial statistical package (Helwig and Council 1979) . The basic model used was log Y = a + b log W + c log S + tf(log S)2 + elogR +f(logR)2 +gT+ hT2 kM
where Y is feeding or filtering rate, other variables are defined in Table 2 , and a-k are fitted constants. We found enough data to permit analysis of feeding and filtering rates as functions of these seven independent variables for three groups: Cladocera, marine Calanoidea, and all zooplankton. Once Eq. 1 was fitted, we deleted individual variables stepwise, be ginning with the independent variable with the lowest partial .F-value, until only the independent variables with significant (P < 0.05) partial F-values (Hocking 1976; Park 1977) remained.
We made no systematic attempt to de termine the best model for each single in dependent variable in this analysis. Both the dependent variables and animal size were transformed to their decimal logarithms be cause such transformations usually linearize interspecific body size relations (Brody 1945; Bonner 1965; Peters 1983 Ambler and Frost 1974; Anraku and Omori 1963; Baudouin and Ravera 1972; Bogdan and McNaught 1975; Comita 1968; Comita and Schindler 1963; Conover 1959; Durbin and Durbin 1978; Harvey 1937; Hebert 1978; Heinle 1966; Kryutchkowa and Rybak 1971; Lemcke and Lampert 1975; McMahon and Rigler 1965; Marshall and Orr 1955; Moshiri et al. 1969; Nival et al. 1974; Omori 1970; Rakusa-Suszczewski et al. 1976; Ryther 1954; Sameoto 1976; Sushchenya 1958; Taguchi and Ishi 1972.) feeding rates may not be monotonic func tions of temperature (Kersting and Van der Leeuw 1976; Zankai and Ponyi 1976) , food concentration (Richman 1966; Rigler 1971; Frost 1975; Mullin et al. 1975; Muck and Lampert 1980; Downing 1981; Porter et al. 1982) , or food particle volume (Allan et al. 1977; McQueen 1970; Nival and Nival 1976) . We therefore introduced quadratic terms to accommodate these nonlinearities. Our computer, an Amdahl V7, could not retain enough significant digits in matrix in versions to treat quadratic terms for food concentration and particle volume, so these terms were entered as their decimal loga rithms (Eq. 1). The remaining variables were not transformed; this assumes that an ex ponential model of vessel volume, volume per animal, and experimental duration will fit filtering and feeding rate responses. If our equations are applied within the range of variables from which the regression was constructed, violation of this assumption will only render our equations suboptimal because the proportion of the variance at tributable to our independent variables would be underestimated. Grossly inappro priate model specification would have been detected through examination of the resid uals (Draper and Smith 1981) .
The literature suggests that several of the independent variables in Eq. 1 may interact. For example, animals of different sizes may not respond equivalently to variations in food particle size (Burns 1968; Lam and Frost 1976; O'Connors et al. 1976) or con centration (McMahon and Rigler 1965; Downing and Peters 1980; Downing 1981) . Such interactions can be analyzed by the introduction of "interaction terms" like \ogW x log S, but a few extreme values of such terms can heavily bias the regressions. We did not want to render the model too complex for this data base or risk complex models "fitted to the errors" (Draper and Smith 1981 Butler et al. 1969; Conover 1966a; DeVaux 1977; Doohan 1973; Frost 1972 Frost , 1977 Fuller 1937; Geller 1975; Hastings et al. 1962; Kling and Holmgren 1972; Kring and O'Brien 1976a; Lewis 1976; McQueen 1970; Marshall and Orr 1955; Mullin 1963; Mullinetal. 1966; Nadin-Hurley and Duncan 1976; Paffenhofer and Knowles 1978; Parsons et al. 1969; Richman 1966; Richman and Rogers 1969.) B. Relationship between food particle volume (vol) and particle dry weight (WO. Regression statistics are n = 49, r2 = 0.90, SEa = 0.064, SEt = 0.045 (where log vol = a + b \o%W), and mean log vol = 2.76 (SE = 0.053). (Ref erences : Doohan 1973; Duval and Geen 1976; Malovitskaya and Sorokin 1961; Monakov and Sorokin 1960; Mullin et al. 1966; Nadin-Hurley and Duncan 1976; Nalewajko 1966; PaffenhSfer and Knowles 1978; Parsons et al. 1961 Parsons et al. , 1969 Porter et al. 1979; Sushchenya 1958 .) The lighter lines in each panel indicate 95% confidence limits around the predicted means. Table 2 . Median (and mode) ofdata collected from the literature on feeding and filtering rates ofzooplankton, and the conditions under which measurements were made. Data are presented for all zooplankton, marine calanoid copepods, and freshwater cladocerans. Other groups contained too few data for summary statistics. The table shows that although apparent median ingestion and filtering rates are quite similar for copepods and cladocerans, experimental conditions vary among taxa. (125) 6.0 (8) * References: Berman and Richman 1974; Bums 1969; Crowlcy 1973; Getter 197S; Gophen 1976a; Hay-ward and Gallup 1976; Heisey and Porter 1977; Ivanova and KJekowski 1972; Kersting and Van dcr Lceuw 1976; Kring and O'Brien 1976a; Kryutchkowa and Sladacek 1969; Monakov and Sorokin I960, 1961; O'Brien and DcNoyelles 1974; Paflenh5fcr and Knowlcs 1978; Peters and Rigler 1973; Rigler 1961; Ryther 1954; Starkweather 1975; Strossetal. 1965; Sushchenya 1958; Tezuka 1971 . Anraku 1964 Corner et al. 1972; Esias and Curl 1972; Frost 1972 Frost , 1975 Hargrove and Geen 1970; McQueen 1970; Marshall and Orr 1966; Mullin 1963; Paflenhfifer 1971 Paflenhfifer , 1976 Raymont and Gross 1941; Richman 1966; Richman and Rogers 1969. Doohan 1973; Gilbert and Starkweather 1977; Gophen 19766; King 1967; Lasker 1966; Reeve 1963a .i; Starkweather and Gilbert 1977. t References: Anraku 1964; Corner et al. 1972; Esias and Curl 1972; Frost 1972 Frost , 1975 Hargrave and Geen 1970; McQueen 1970; Marshall and Orr 1966; Mullin 1963; Paflcnhofer 1971 Paflcnhofer , 1976 Raymont and Gross 1941; Richman 1966; Richman and Rogers 1969. $ References: Berman and Richman 1974; Burns 1969; Crowlcy 1973; Geller 1975; Gophen 1976a; Hayward and Gallup 1976; Heisey and Porter 1977; Ivanova and Klekowski 1972; Kersting and Van der Lceuw 1976; Kring and O'Brien 1976a; Kryutchkowa and Sladacek 1969; Monakov and Sorokin I960, 1961; O'Brien and DcNoyelles 1974; Paflenhofer and Knowles 1978; Peters and Rigler 1973; Rigler 1961; Rylher 1954; Starkweather 1975; Stross et al. 1965; Sushchenya 1958; Tezuka 1971. of variation attributable to these indepen dent variables. A number of discrete qualitative vari ables might also affect feeding and filtering rates. To examine these effects, we coded the data by taxon (cladocerans, freshwater cyclopoids, marine cyclopoids, freshwater calanoids, marine calanoids, euphausiids, rotifers, or ciliates), experimental technique (cell counts, Coulter counts, short term radiotracer experiments, long term radiotracer experiments, and miscellaneous methods: Rigler 1971; Peters in press), and by method for determination of zooplank ton body mass and food particle volume (e.g. weight, length, volume, carbon con tent, estimates from literature listings by taxon). We compared residual variation among these categories by tallying the num ber of positive or negative residuals within each category. If residuals from one cate gory of data are positive or negative more often than would be expected by chance (x2 analysis; P = 0.05), then it is likely that the regression model underestimates (or over estimates) data of that category.
Results and discussion
Data-We collected 890 data entries for filtering rate and 786 for feeding rate for all zooplankton. Most filtering and feeding rate data were found for calanoid copepods (550 feeding and 429 filtering rate entries) or cladocerans (276 and 191 entries). The re maining data entries (64 and 166) were from rotifers, other crustaceans, or protozoans. The data are too numerous to list here, but Table 2 provides medians and modes of all dependent and independent variables. Both median ingestion and filtering rates of cala noids and cladocerans were similar in these data, though cladocerans filtered and in gested food somewhat faster than copepods. Experimental conditions varied markedly. Experiments on copepods took longer and were done at lower temperatures, in larger containers, with less crowding. Copepod feeding experiments used lower food con centrations and larger food particles than those on cladocerans. Cladocerans used in feeding experiments were somewhat larger than the copepods. The data are represented Table 2 ; those that provided data that were not complete enough to be used in regression analyses are listed here. Cladocerans-Arnold 1971; Bell and Ward 1970; Bogdan and McNaught 1975; Buikema 1972 Buikema , 1973 Burns and Rigler 1967; Chisholm et al. 1975; Gliwicz 1969; Haney 1973; Haney and Hall 1975; Infante 1973; Ivanova 1969 Ivanova , 1970 Jorgensen 1966; Kerstingand Holterman 1973; Kibby I97llr, Kringand O'Brien 19766; Lampert 1974; McMahon 1965 McMahon , 1968 McMahon and Rigler 1963, 1965; McNaught 1975; Nauwerck 1959 Nauwerck , 1963 Peters 1975; Peterson et al. 1978; Richman 1958; Schindler 1968; Schindler 1971; Sorokin 1966 Sorokin , 1968 Sushchenya 1970; Waite 1976 . Calanoid copepods- Adams and Steele 1966; Allan et al. 1977; Berner 1962; Bogdan and McNaught 1975; Comita 1964 Comita , 1968 Comita , 1972 Conover 1962 Conover , 1964 Conover , 1966a Conover ,6,c, 1968 Conover ,1978 Corner 1961; Corner etal. 1974; Cushing 1958 Cushing ,1968 Cushingetal. 1968; Frost 1974; Fuller 1937; Fuller and Clarke 1936; Gaudy 1974; Gliwicz 1969; Haney 1973; Haney and Hall 1975; Hargis 1977; Harris and Paffenhofer 1976; Harvey 1937; Jorgensen 1966; Kibby 1971a; Kibby and Rigler 1973; Lucas 1936; McAllister 1970; McNaught 1975; Marshall 1973; Orr 1955, 1956; Mullin 1966; Mullin and Brooks 1970; Mullin et al. 1975; Nauwerck 1959 Nauwerck , 1963 O'Connors et al. 1976; Paffenhafer 1970; Paffenhdfer and Harris 1976; PaffenhOfer and Strickland 1970; Parsons et al. 1967; Peters 1975; Poulet 1974; Raymont and Conover 1961; Richman 1964; Richman et al. 1975 Richman et al. , 1977 Sorokin 1966 Sorokin , 1968 Sushchenya 1970; Taguchi and Fukuchi 1975; Taguchi and Ishi 1972; Zankai 1975; Zankai and Ponyi \974a,b. Other zooplankters-Hirayama and Ogawa 1972; Jergensen 1966; Laybourn and Stewart 1974; Longhurst et al. 1967; Pilarska Mla.b.c, Poulet 1973 in Fig. 3 . Body size has a strong effect on filtering rate, but the great scatter shows the influence of other variables.
Multivariate models-Highly significant statistical models (Table 3 ) of filtering rate were produced for marine calanoid copepods ( Vca), cladocerans ( FCL), and all zooplankton considered together log Fz = 0.110+ 0.546 log W -0.260 log S + 0.121 log R
log VCA = -1.245 + 0.534 log W + 0.683 log R -0.067(log R)2
and log FCL = 0.173 + 0.750 log W -0.434 log S -0.0003C + 0.014Ffl
(all variables defined in Table 2 ). Multiple regression analyses of filtering rate and elimination of insignificant (P > 0.05) in dependent variables (Table 3) reduced the complexity of the original model from the seven possible independent variables in Eq. 1 to four or five. Unfortunately, not all the publications re ported all of the aspects of filter-feeding ex periments that we needed. Because of this, Table 3 . Analyses of variance for filtering rate (Eq. 2-4). Regression data are given for all zooplankton (n = 350, R2 = 0.66, SST = 354, SSR = 235, SSE = 119, mean log Vz = 1.171, sx.y = 0.587), marine calanoid copepods (n = 272, R2 = 0.69, SSt = 362, SSR = 248, SSE = 114, mean log fCA = 1.033, sx.y = 0.654), and freshwater cladocerans (n = 70, R? = 0.68, SSt = 25, SSR = 17, SSe = 8, mean log V^= 1.010, sx.y = 0.350), where n is the number of samples, R2 is the multiple coefficient of determination, SSt, SSr, and SSE are the total, regression, and error sums of squares, and sx.y is the standard deviation of V, given the effects of independent variables. SEW is the standard error of the estimated regression coefficient for each variable, while the partial F-value is calculated as the increase in SSR when the variable in question is entered into the regression as the last variable. The partial F-value is a measure of variation in the dependent variable accounted for by each independent variable. All other variables are as in Table 2 i Same as Table 2. no protozoans were described in sufficient detail to be included, and more complex models were built from fewer data than sim pler models. This does not affect our con clusions provided that completeness of data is independent of V and /, because partial .F-tests (weighted by n) were used to decide whether to include each independent vari able. The partial F-value (Fxt) is the ratio ofthe variance explained by variable xt after effects of all other variables are accounted for, to the residual or error variance (SSE/n_i). The inclusion of additional in dependent variables in the regression of V on W resulted in a doubling of the total proportion of explained to total variance (R2). Overall, our multiple regression anal yses accounted for between 66 and 69% of the variation associated with literature es timates of filtering rate. The relative impact of each of the independent variables can be gauged from the size of the partial .F-values (Table 3 ).
The most significant of the natural factors considered in Eq. 2-4 was the positive effect of zooplankton mass. The next most pow erful natural factors were the negative effect oftotal food concentration for all zooplank ton and cladocerans, and the polynomial effect of food particle size in marine calanoids. Solution of the quadratic effect of particle volume shows that these calanoids exert maximum filtering rates on particles of around 1.4 x 105 jim3 (about 95 nm in diameter; Fig. 2A ). Temperature was never retained in filtering rate models because its effect was small compared to that of other variables.
We were surprised to find that food con centration had no significant effect on the filtering rate of marine calanoid copepods.
In controlled experiments, many research ers have found that the filtering rate of cala noids declines at both high (e.g. Corner et al. 1976; Frost 1972; Harris and Paffenhofer 1976; McQueen 1970) and low (Corner et al. 1972; Frost 1975) food concentrations. This discrepancy could arise as an artifact if we included only a narrow range of food concentrations in our data set. However, we have included observations at food concen trations varying from 0.02 to 50 ppm. This is similar to the range of total algal biomass and nannoplankton biomass in freshwaters (McCauley and Kalff 1981; Watson and Kalff 1981) and brackets all but the very lowest algal biomass observations in the sea (converted from chlorophyll concentra tions: Parsons and Takahashi 1973) . Im proper model specification could also lead to the omission of a significant effect, but a power relationship with a polynomial term should detect most curvilinear effects better than other models (Downing and Peters 1980) . In fact, this model functions well for detection ofjust such an effect in Eq. 2 and 4. The most probable cause of the discrep ancy between our results and those of con trolled experiments is that residual varia tion or experimental error in the data examined is larger than the partial effect of food concentration. We expect that the ef fect of food concentration could be isolated if a larger data set were analyzed or if ex perimental errors were lower.
Significant regression models (Table 4) were also found for the ingestion rates (jig wet wt • animal"'-d"1) of all zooplankton (/z), marine calanoid copepods (7Ca)> and cladocerans (ICi)' log Iz = -0.353 + 0.544 log W + 0.577 log S -0.0002M + 0.466 log R + 0.00006C -0.045(log R)2,
log 7CA = 0.039 + 0.371 log W -0.0003M + 0.476 log S + 0.589 log R -0.060(log R)2,
and log /CL = -1.343 + 0.486 log S + 0.587 log 1V+ 0.014Q + 0.887 log R + 0.027r
(all variables defined in Table 2 ). Strictly speaking, regression analyses ought not be applied to fit feeding rate models, since the dependent variable is sometimes not determined independently from all independent variables. Feeding rate may be autocorrelated with food concentration because feed ing rate is often calculated as the product of filtering rate and food concentration. There may also be some autocorrelation offeeding rate and food particle volume because food concentration is often determined as the product of food particle volume and num ber of particles per unit volume of medium. Autocorrelation should increase the pro portion of total variance explained and in flate the effects of food concentration and food particle volume on feeding rate. The role of other variables would be unaffected. We chose to incorporate these two auto correlations into our analyses to provide an empirical description of this aspect of food collection.
Feeding rate models added some inter esting information to the patterns already noted with respect to filtering rate, because they retained more complexity. The most important natural factors were again zooplankter size and food concentration. In fact, body size was the most important indepen dent variable in five out of six regression equations, while food concentration was the first or second most important natural vari able in all five equations in which it appears. The overriding importance and ranking of these two variables has also been suggested for animals feeding in nature (Downing and Peters 1980; Downing 1981) , and thus is not simply an artifact of laboratory exper iments. Each feeding rate equation showed some nonlinear effect of the volume of in dividual food particles. Solution of the qua dratic term suggests that calanoid copepods exhibit maximum ingestion rates for par ticles of 1 x 105 jam3 (diam «82 /tin) and cladocerans collect food at maximal rates on particles of 500 fim3 (diam «5 nm).
The effect of temperature was insignifi cant in five of the six regressions, probably because animals in most of these experi ments had been acclimatized, and physio logical adaptation would mask short term effects. The ranges of temperature were from 2°to 27°C (calanoids) and from 5°to 35°C (cladocerans). The range in surface epilimnetic temperatures of most lakes is only 0°-30°C (Straskraba 1980) . The relationship of Table 4 . Analysis of variance for ingestion rate (Eq. 5-7). Regression data are given for all zooplankton (n = 355, R2 = 0.63, SSr = 338, SSR = 214, SSE = 124, mean log Iz = 1.584, sx.y = 0.5979), marine calanoid copepods (n = 246, R2 = 0.52, SST = 175, SSR = 92, SSE = 84, mean log /ca = 1.740, sx.y = 0.5910), and fresh water cladocerans (n = 81, R2 = 0.66, SSr = 47, SSR = 31, SSE = 16, mean log /". = 1.473, sx.y = 0.462). All other variables are as defined in Tables 2 and 3 i Same as Table 2. temperature to the feeding response was de scribed as an exponential curve (Eq. 7; Ta ble 4). This is readily converted to a Q10 value for comparative use, since Q10 = 1010*, where g is the regression coef ficient of Tin Eq. 7. For the feeding ofclado cerans, the value of g corresponds to a Q,o of 1.86 (95% CI = 1.17 to 2.96). This value overlaps but is slightly less than those ex pected (Q10 = 2 to 3) on the basis of indi vidual species responses (Prosser 1973) or from across-species comparisons of crus tacean respiration rates (Ivlea 1980 (8) where Y{ is the predicted value of Y, t is the value ofthe t statistic at the probability level (1 -a), s is the standard error of the regres sion, q is the number of observations in the data set, Y, is the mean of all predicted val ues, and £ y? is the sum of squares of de viations from Yf. The values of each param eter are listed in Table 5 , as are the coefficients of variation of Eq. 2-7 which express the mean residual as a percentage of the mean. This may also indicate the* variation of our predictions. Neither index is an adequate substitute for precise calcu- lation, but either is probably sufficient for most ecological analyses. Methodological artifacts-Several factors which may represent experimental artifacts play a significant role in these regressions. The effect of total volume of water used in the experiments was a very important pos itive factor in the filtering and feeding rate regressions for calanoids and overall (Eq. 2, 3, and 5). This effect was borne out in the cladoceran regressions (Eq. 4 and 7), where the volume allowed per animal was an im portant positive factor as well, suggesting that cladocerans interfere with each other when crowded while calanoids may be in hibited by contact with the vessel walls. The apparent filtering and feeding rates of both marine calanoids and all zooplankton tend to decrease in longer experiments (Eq. 2, 3, 5, and 6), but experiment duration had no effect on cladoceran filtering or feeding rates.
The effect or lack of effect ofexperimental conditions on perceived filtering rates must be interpreted with caution. In the data on overall filtering rate and for calanoids, there was a correlation between the total volume of the experimental container and the vol ume of water per animal (r2 = 0.84). For the cladoceran data, there was a positive cor relation between duration of experiment and the crowding of animals (r2 = 0.79). This probably indicates that workers have cho sen to maximize net change in food con centration by both concentrating the ani mals and prolonging the experiments. Thus, the positive effect of container volume on overall and calanoid filtering rates could also be interpreted as the negative effect of crowding. The positive effect of volume al lowed per animal in the cladoceran exper iments could also be interpreted as the pos itive effect of experiment duration on apparent filtering rates. These were the only collinearities in the analysis and thus the only possible cases of statistical ambiguity.
In considering these effects, however, it is wise to recall that correlation does not demonstrate causation (Box 1966) . For ex ample, Eq. 2,3, and 5 suggest that measured filtering rates rise when the animals are giv en more water in which to swim. However, the high values for filtering and feeding rates obtained in the largest vessels have often been "corrected" for cell growth in the ex periment (e.g. Frost 1972; Paffenhofer and Harris 1976; Paffenhofer and Knowles 1978) . This correction increases estimated values (Peters in press) regardless of any ef fect of vessel size. Thus, the variable Cmay confound at least two effects. Nevertheless, experimental analysis of container size ef fects have sometimes shown a positive ef fect of container volume on filtering rate [Anraku 1964; Cushing 1958; Orr 1955 (but not Mullin 1963) ]. The effect of container size on calanoid feeding and filtering rates may well be real, but it could also result from other factors.
The small negative effect of container size on cladoceran filtering rate (Table 3) seems less explicable. This factor is not significant in determining feeding rate. Perhaps, cla docerans in smaller containers reduce food concentration so much that filtering rates rise. However one would expect this effect to appear again when animals are crowded, but it is not observed. Increases in the amount of water per animal had a positive effect on cladoceran food collection both ex perimentally (Hayward and Gallup 1976) and in these regressions (Eq. 4 and 7). This may reflect specific behaviors of cladoc erans. Cladocerans are known to browse set tled material from surfaces (Horton et al. 1979 ) in addition to their more usual planktonic behavior. Reduced container size may increase filtering rates by increasing surfaceto-volume ratios and permitting dilute food suspensions to concentrate on surfaces where they may be browsed. This speculation is only one of several possibilities. The effects which evinced speculation should be veri-fied experimentally before they are pursued at length. Limnetic zooplankton concentra tions range from 25 to 60,000 ng wet massliter"1 (McCauley and Kalff 1981) , which corresponds to a natural range in volume per animal of 1.7-4,000 ml (assuming 100 /ug-animal"')• This effect may therefore be relevant in nature.
Experiment duration was negatively cor related with both filtering and feeding rates of calanoids and of all zooplankton. Pos sibly, experimenters have used longer ex posures for species which filter slowly, or perhaps longer experiments integrate feed ing over normal diel rate depressions which are missed by shorter experiments (Haney 1973; Duval and Geen 1976; Starkweather 1975) . Alternatively, the food collection may decline because the animals are hyperactive after handling early in the experiment or moribund late in the experiment. If animals are prefed at food concentrations lower than the experimental concentration, then they may respond like starved animals intro duced to abundant food. These animals in gest food rapidly at first, decreasing this rate as they become sated (Beukema 1968; Runge 1980) . Roman and Rublee (1980) have shown experimentally that measured filter ing rates of calanoid copepods decline in long experiments. The shape of their curves suggest that the rate declines exponentially with time and the slope (-0.0009) seems of the same order of magnitude as, but somewhat larger than, those reported in Eq. 2, 3, 5, and 6 (-0.0002 to -0.0003). The slope observed by Roman and Rublee may be exaggerated since the Coulter Counter technique used can produce similar results when feces or cell fragments are resuspended in long term experiments (Deason 1980; Kersting and Holterman 1973) . Neverthe less, temporally decreasing filtering rates have also been observed with other tech niques (Conover and Francis 1973; Hirayama and Ogawa 1972; Lampert 1977a; Lucas 1936; Mullin 1963) .
Scrutiny of the residuals around regres sions yielded some interesting observations with respect to methodology. Experiments based on the uptake ofradioisotopes yielded lower estimates of feeding and filtering rates than the average of all data. Data collected through cell and Coulter counts yielded sig nificantly higher values (P < 0.01) than the regression through all data or tracer exper iments. This is possibly due to partial ingestion of cells and to ignoring negative ingestion rates resulting from particle size modification (Deason 1980; Poulet 1974; Vanderploeg 1981 ) which would yield ar tificially high values. Alternatively, the ex cretion of tracer might artificially reduce fil tering rate estimates made by using radioisotopes. The method of animal weight estimation also has some effect on the fit of observations to regression equations. Data from experiments where animal mass was measured or predicted from body length fit the equations well, while inference ofweight from carbon content apparently underesti mated and estimation from average litera ture body weights apparently overestimated actual body weight since residuals associ ated with these data are respectively higher and lower than average. Residual analysis also indicates that relatively low filtering rates were associated with estimation of cell volume from diameter while estimation from average literature values was some what safer. None of these effects led to large bias however, but may have reduced the proportion of total variability explained by this analysis.
Field extrapolation-The significance of these methodological variables presents a problem: if our questions are to be applied to make predictions of filter feeding in na ture, some value for container volume, ex perimental duration, and volume per ani mal must be used. These factors are unlikely to be measurable or relevant in nature so that choices can only be made arbitrarily. Whatever value is chosen, it must lie within the original range of values, since the ex ponential shape of these artifactual vari ables has unrealistically dramatic effects on extrapolations to nature. It is tempting to choose values which yield the highest esti mates of feeding and filtering rate on the anthropomorphic assumption that manip ulation and handling depress these depen dent variables. Such an assumption is un justified and its implementation requires solution of the regressions at extreme values where our statistical confidence is lowest.
Moreover, experiments in lake water (Burns and Rigler 1967) and in situ (Haney 1973; Haney and Hall 1975) suggest that natural rates of filtration are typically lower than those that can be induced in the laboratory.
To hold values of methodological variables constant at their mean values would be equivalent to ignoring their effect. This might be the preferable approach and would yield solutions only well within the main body of the data set. It would also assume that experimenters on the average have re produced natural conditions. This assump tion might suffice for field extrapolation un til a more rational choice can be made.
Comparisons among taxa-The overall regression equations (Vz, /z) fit tlje data from marine copepods and freshwater cladocerans equally well. The filtering and feeding rates of rotifers and freshwater calanoids, on the other hand, were significantly over estimated by the overall equation (P < 0.01 level); this suggests that separate equations would be necessary for them if enough data were available.
The similarity between regression equa tions for calanoids and those for all zooplankton reflects the overriding contribu tion of calanoids to the total data set. The response of cladocerans must be rather sim ilar to that of calanoids, however, since the addition of these points neither obscured nor markedly shifted the calanoid relation ships. Real differences do exist in the details of the feeding process of calanoids and cladocerans but the aggregate effect of these details is not very different in the two groups.
To illustrate this similarity and to facili tate simultaneous comparison of three equations in as many as six variables, we have solved each regression equation at a set of standard values within the observed range. Five of the six variables were held constant at their overall median values (Ta ble 2), and the equation was solved at a variety of values ofthe remaining variables. These solutions were then plotted over most of the range of the original data set. Although there are differences among solutions, they show general agree ment largely because the same dominant natural variables play similar roles in each regression. . The effect of zooplankton body size on fil tering and feeding rates as described by the models for each of the three groupings under the median condi tions described in column 1 of Table 2. This similarity is apparent in plots of fil tering and feeding rates as functions of an imal weight (Fig. 4) . The curves are about parallel because the regression coefficients of body mass are very similar. These ex ponents range from 0.37 to 0.75 and most statistically overlap the general body size exponent, 0.75, which has been widely ap plied in physiology and ecology (Peters 1983) . The elevations of the curves in Fig.  4 are also similar. Body size curves describ ing the ingestion rate of aquatic detritivores (Cammen 1980) and marine copepods (Ikeda 1977; Nival and Nival 1976) have sim ilar slopes, between 0.63 and 0.78, but on transformation to similar units the eleva tion of their curves is two to six times higher than those in Fig. 4 . This might be due sim ply to inequivalence of environmental and experimental conditions. The elevations of body size relationships vary with a variety of natural and experimental factors; thus the size dependence is apparently "scaled" up ward and downward with variations in food concentration, size of food organisms, tem perature, and crowding {see Eq. 2-7).
Both sets of regression equations (Tables  3 and 4) and their specific solutions (Fig. 5) suggest that the effect of food concentration does not change much among groups. For all zooplankton and for cladocerans, filter ing rate declines at a rate roughly propor tional to the inverse of the cube root of food concentration; the regression coefficients for these groups are -0.26 and -0.43. In these groups, feeding rate rises at a rate roughly proportional to the square root since regres sion coefficients are 0.54 and 0.58. There is a discrepancy between these two results. Be cause the product of the filtering rate (V) and food concentration (S) should approx imately equal feeding rate (7) one would ex pect that if V varies as a function of a S~03 then I should vary as VS (i.e. 5"035 or 5°7). Alternatively, if / varies as S°-5 then V should vary as S~°s. The discrepancy be tween expectation and observation proba bly results from an imprecise fit ofequations to responses. For example, if the classical Holling (1959) type 2 functional response holds for these animals, then V should fall rapidly at first and then at a decelerating rate with increasing S, while / should in crease asymptotically (Downing and Peters 1980) . These shapes of functions are not fitted exactly by a log-log regression. Al though these regressions result in curvi linear relationships when plotted arithmet ically, they would tend to slightly underestimate the ingestion rate slope and overestimate the filtering rate slope. This appears to have occurred. The models fit the data quite well since the polynomial terms were not retained, but the discrepancy in slopes is consequently not surprising.
The regressions indicate a general sepa ration of optimum food size between calanoids and cladocerans (Fig. 6) . The latter feed at a peak rate on cells of about 500-ixm3 volume («5-;im diam: Fig. 2A ). Calanoifls showed maximal feeding and filtering rates at about 100,000 /mi3 («80-jtni diam: Fig. 2A ). It would be interesting to test for the interaction of cell volume with other independent variables because optimal food sizes may vary with size of animal or con centration of food. Attention has recently focused on these interactions as a result of both experimental (O'Connors et al. 1976; Paffenhofer and Knowles 1978) and con ceptual analyses (Lam and Frost 1976; Leh man 1976) . Unfortunately we could not per form this analysis due to the disparate nature of our data sources, but future study designs could include these important interactions, if data were collected specifically for this purpose.
The regressions presented here account for between 52 and 69% of the variation in the literature values of filtering and feeding rates. This achievement does not decrease the importance of further study but focuses it. There are many other variables of pos sible importance (see Conover 1978; Peters in press; Rigler 1971) ysis, can we conclude that residual variation represents real and irreducible differences among species, individuals, or experiment ers.
Energy budgets and threshold food con centration-Equations 5-7 can be used to prepare a rough energy budget for zooplank ton by predicting the feeding rate (Table 4) . Ivlea (1980) has provided a series of res piration rate measurements which require inputs of only body size and temperature, while Bamstedt and Skjoldal (1980) pro vided an equation that predicts fractional growth as a function of body mass. These equations can be solved to predict respira tion and growth costs assuming that respi ration and growth have energetic costs of 20.1 J-ml"1 O2 respired and 20,000 J-g"1 dry wt (Peters 1983) . The energetic yield can be predicted from Eq. 7 for cladocerans as suming a body weight of 10 /zg, temperature of 10°C, and that food collected contains 7,000 J-g~! wet wt, while all other variables are held at their median values (Table 2 ).
These calculations suggest that respiration requires 50% ofingested energy while growth requires 12% leaving 38% to be defecated. These values seem reasonable in view of experimental results (Conover 1978; Peters 1983; Remmert 1980) , but the range in such values is so great that this can scarcely be considered a rigorous test. The simulta neous solution of these equations is subject to large uncertainty, and thus their primary use is heuristic.
Another demonstrable application of these equations is the calculation of "threshold" food concentration at which energy gain from the food just balances en ergy use in respiration (Lampert 1911b) . This aspect of the ecology of planktonic in vertebrates should determine the environ mental limits within which these organisms can exist. Lampert (19776) suggested that the threshold food concentration for a cladoceran with a dry weight of 50 ng feeding on Scenedesmus acutus (about 1,000 /ig3 per ceil: Nauwerck 1963) at 20°C should be about 50 tig C • liter"' and that the threshold concentration should increase with in creased food cell size and with increased body size. Using Ivlea's (1980) respiration equations and our Eq. 7, assuming that the ratio of phytoplankton carbon to phytoplankton wet weight is 0.1 and an assimi lation efficiency of 75%, we predict a thresh old concentration of 80 ng C-liter""1. This value is in good agreement with that re ported by Lampert. Our equation also mim ics Lampert's predicted trends with body size and food cell size. Our regression sug gests, as does Lampert, that threshold con centration is high when animals feed on very large cells and on very small ones. Again, caution is required because several relations with undefined limits have been solved si multaneously.
These comparisons are intended to show only that our regressions yield reasonable values. We hope that this degree of success will lead to further, more complete, empir ical analyses of food collection by zooplank ton and of other aspects of aquatic ecology.
Our study provides a summary of filterfeeding measurements in zooplankton and should provide estimates of filter feeding that are significantly better than average values or bivariate regressions. Our regres sions also incur less chance of bias than a single value selected from the literature. Analysis ofcoefficients ofvariation of Kand /, before and after regression (Tables 3 and  4 ), shows that imprecision can be decreased greatly through reference to natural and ex perimental conditions. Improved estimates have arisen from identification and quan tification of important correlates of filtering and ingestion rates. In addition, we provide suggestions as to the basis of differences and similarities of rates measured on different animals by different techniques.
We hope that this study will have two concrete results. First, our analyses suggest improvements in techniques for the mea surement of zooplankton feeding. Second, our analyses have shown broad consisten cies in the effects of natural factors. Further research should focus on the more precise definition of these effects and the discovery of further important variables. We feel that this will be an efficient path toward quan titative generalizations regarding the filter ing and feeding of zooplankton. 
